Reliable microfluidic interconnectors are one of the basic building blocks of integrated fluidic and chemical reaction systems-on-chip. Though many ideas have been proposed and implemented in the literature for creating different kinds of macro-to-micro fluidic connections, development of integrated on-chip connectors for high temperature and pressure microfluidic applications has not been properly studied. Such connectors will be indispensable in true on-chip chemical processing applications for reactions which require more severe operating conditions than those possible using currently available interconnection techniques. In this paper we present novel microfluidic interconnects that can be used in applications involving operating temperatures of up to 275
Introduction and literature survey
Rapid advances have been made in recent years in the development of microfluidic devices for applications ranging from fluid analysis (µTAS) to systems performing on-chip chemical processing and micro-scale chemical production [1] , typically involving fluidic actuators such as micropumps [2] and microvalves [3] . Fluidic interconnects which connect the micro-scale devices to the 'macro-world' are common to all microfluidic devices. Early attempts at creating these fluidic interconnections were based on using standard macro-scale Swagelok R connectors on metal blocks [1, 4] which provided conduits for fluid flow through holes drilled at strategic positions corresponding to the inlet(s) and the outlet(s) on the microfluidic chip. Different techniques for miniaturizing and integrating these interconnects on-chip were subsequently reported in the literature, notable among them were those using silicone O-ring couplers [5] , injectionmolded plastic couplers [6] , polydimethyl siloxane (PDMS) elastomer based press-fit-type interconnectors [7] and methods in which a polymer (polyethylene) tube was fused by melting 'on-chip' at the connection point and permanently bonded using epoxy [8] . Recently, Tsai and Lin [9] have proposed an interconnector design using an integrated Mylar polymer sealant and tested it to be operational upto a pressure of 190 kPa (1.87 atm) with a 100% survival rate under a pulling force of 2 N (about 204 g) with a maximum operating temperature of 180
• C. Puntambekar and Ahn [10] have reported an interconnect that can provide leak-proof sealing for pressures of up to 30 psi (2.04 atm) and maximum pulling forces of up to 39.2 N (4 kg) when tested at room temperature.
Though several techniques for making integrated onchip fluidic connections between the micro-scale device and 'macro-scale' tubing have been proposed, it is found that most of these techniques are unsuitable for use in microfluidic systems where severe operating conditions of temperature and pressure and/or corrosive environments prevail. As an example, many heterogeneously catalyzed reactions require high operating temperatures for the kinetics to be fast enough in order to yield sufficient conversion of the reactants in a finite reactor volume. At the same time, these reactions are carried out by passing the reactant fluids through a 'packed bed' of catalyst particles to enhance the catalyst contact area. Smaller particle sizes lead to higher contact areas, leading to higher catalyst activity and reactant conversion. However, this also requires a higher pressure at the inlet of the reaction chambers for a given flow rate of the reactants. Thus the interconnects used in microreactors for such a reaction system should be able to tolerate the high temperatures and pressures at which optimal operation can be carried out. This condition precludes the use of materials such as PDMS [7] , polyethylene [8] , molded plastics [6] and PEEK/polycarbonate [10] which soften/degrade at relatively lower temperatures. Also, use of silicone couplers [5] may limit the use of the interconnects obtained to systems which do not involve corrosive chemicals.
Thus an important step in the development of true chemical plants-on-chip is to develop interconnects which can operate reliably under the severe operating conditions demanded by these devices. In this paper we present novel microfluidic interconnects that can be used at high temperature (up to 275
• C) and pressure (several atmospheres) conditions typical of such reaction systems. The only wetted surfaces in this design are teflon, silicon and pyrex glass, making the design inert to most chemicals. The interconnect itself is highly reproducible, simple to fabricate and can easily be incorporated into any integrated manufacturing process for mass production of microfluidic devices.
Fabrication procedure

Microchannel fabrication
Microchannels of depth ranging from 200 µm to 400 µm and a width of 1000 µm and capillary interfacing inlet-outlet ports of the same depth and width of 2000 µm are fabricated in 1000 µm thick silicon substrates using photolithography followed by deep reactive ion etching (DRIE) technique. A photoresist coating of up to 10 µm thickness (Shipley 1045, single/dual coat) is used as the etch mask for DRIE ( figure 1(a) ). The channel side of the processed silicon wafer is subsequently aligned and anodically bonded to a pyrex wafer (thickness 1.8 mm) with mechanically drilled holes at precise positions corresponding to the inlet and outlet of the channels on the silicon wafer ( figure 1(b) ) to obtain microchannel conduits enclosed between the silicon and glass surfaces. The diameter of the hole in the pyrex wafer (1.75 mm-1.8 mm) is slightly larger than the outer diameter of the teflon (PTFE) capillary (1.68 mm ± 0.05 mm) used in the interconnection to ensure that the capillary can be passed freely through the hole without excessive clearance. After the anodic bonding step the assembly appears as schematically represented in figure 1(c).
Capillary pretreatment
A teflon (PTFE) capillary is used in the fabrication of the interconnect due to its high melting point (in excess of 327
• C) and inertness to most chemicals including concentrated acids and bases. However, the presence of fluorine atoms on the surface of PTFE renders it unwettable and unbondable with conventional epoxies. There have been several studies on improving the surface wettability and bondability properties of PTFE using surface modification methods [11] . Of these methods, we follow the chemical etching method using a sodium naphthalene solution which has been the industry standard for many years.
The PTFE capillary is chemically treated by immersing in a sodium/naphthalene complex solution (FluoroEtch R , Acton Technologies Inc.: http://www.actontech.com) maintained at 55
• C for 1 min. This is followed by rinsing in methanol for 20 s to dissolve the excess naphthalene and decompose the 2-methoxyethyl ether solvent in the etchant. Hot (70
• C), mildly acidic water (glacial acetic acid solution with pH of 5) is subsequently used for rinsing and neutralizing the alkalinity of the etchant. Finally the etched capillary is rinsed in deionized water and dried in hot air. This process results in defluorination and introduction of carbonyl and carboxylic acid groups on the surface, rendering the PTFE wettable and bondable using conventional epoxies.
Sealing via in situ melting
As noted in section 2.1, the diameter of the inlet/outlet holes drilled in pyrex is slightly larger than the outer diameter of the teflon capillary, so that the capillary can be passed easily through the holes without excessive clearance. The drilling process using a 1.75 mm diamond drill bit results in holes of diameter ranging from 1.75 mm to about 1.8 mm. The teflon capillary itself has an outer diameter of 1.68 ± 0.05 mm, resulting in a clearance in the range of 20 µm-170 µm or roughly about 1.2%-10% of the mean capillary diameter, which was found to be suitable for this purpose. In order to use epoxy for bonding the capillary permanently to the top pyrex wafer, it should have a low enough viscosity (typically less than 1000 cP) so that it flows around the capillary evenly and seals the interconnect boundary completely. However, a lowviscosity epoxy can easily seep in and block the microchannels so such a design usually involves the formation of a temporary seal to prevent any seepage. Andersson et al [8] used onchip fusing of polyethylene tubing to form such a temporary seal while Tsai and Lin [9] used a micromachined mylar film for this purpose. In this paper we present a method based on localized high-temperature deformation of the capillary to obtain in situ temporary sealing. The advantage of this method is that it involves fewer fabrication steps and does not introduce any other material except teflon in the interconnect. This ensures chemical inertness and better thermal stability of the interconnect. Figure 2 shows the major steps involved in creating the microfluidic connection. The teflon capillary after surface treatment is introduced into the fluidic connection port (figure 2(a)). The device itself is maintained at about 380
• C using a hotplate. The capillary is briefly pressed against the top surface of the silicon channel in the device for 4-5 s to allow for melting of the capillary at the inserted end, as shown in figure 2(b) . A metal guide wire is used to ensure that the deformation, after melting, takes place in the outward direction and the capillary does not collapse due to the force.
The brief melting at the inserted end of the teflon capillary leads to the formation of an integrated 'o-ring' with an outer diameter slightly larger than that of the hole drilled in pyrex. Subsequent pulling of the capillary upwards as shown in figure 2(c) results in the formation of a temporary seal at the connection port. Finally, the capillary is permanently bonded to the pyrex using a high-temperature epoxy (Duralco TM 4460, Cotronics Corp.: http://www.cotronics.com). The epoxy is then cured at 120
• C for 4 h to obtain the desired bond strength, as shown in figure 2(d ). It must be noted that the specific dimensions of the fabricated interconnects were chosen to ensure ease of practical handling. The procedure itself is fairly general and can be appropriately scaled down to smaller capillaries and inlet/outlet ports if needed.
Interconnect reinforcement
During the strength characterization of the interconnect discussed in detail in section 3, it was found that the primary point of failure of the interconnect due to wear and tear caused by significant amount of handling (including moving the device around the lab for testing and repeatedly flexing the bonded capillary) was at the boundary of the cured epoxy and the teflon capillary, as shown in figure 3(a) . To further improve the operating life of the interconnect, a 'sleeve' made by cutting a small length (3 mm) of teflon tubing with an internal diameter equal to the outer diameter of the capillary (1.68 mm) is surface etched as discussed in section 2.2 and slid onto the capillary before making the interconnect. Subsequently the capillary is wetted with uncured epoxy near the bonded end and the sleeve is moved by sliding over the capillary till it fits snugly over the interconnect as shown in figure 3(b) . Some more epoxy is applied and cured to bond the sleeve in place. This results in a reinforced interconnect with improved pull-out characteristics as discussed in section 3. Apart from improving the pull-out strength, the sleeve provides a flexible transition from the capillary to the epoxy on the pyrex. This leads to lesser amount of wear and tear at the primary point of failure due to repeated flexing of the capillary since the bending does not occur only at one point as in the case of the unreinforced interconnect but is distributed over the length of the sleeve. Figure 4 shows a microfluidic device fabricated with the reinforced interconnect. 
Interconnect characterization
Visual/SEM inspection
The interconnect was inspected visually using optical and scanning electron microscopy to verify that the temporary sealing via capillary end deformation worked as expected by avoiding any seepage of epoxy to the channel side of the pyrex wafer. Figure 5(a) shows an image of the interconnect from the epoxy side obtained using scanning electron microscopy. It can be seen that the epoxy has covered the teflon-pyrex interface evenly leading to a uniform bond. Another image from the bottom side ( figure 5(b) ) using an optical microscope shows that there is no seepage of the epoxy on the channel side of the pyrex wafer. Also, minor chipping of the pyrex around the edge of the inlet/outlet hole during drilling ( figure 5(b) ) does not affect the sealing. There is no observed blockage of the capillary, showing that temporary sealing through the capillary deformation step of figures 2(b) and (c) worked as expected. 
Pull-out testing
The force required to break the interconnects (both unreinforced and reinforced) was measured by tying the capillary to a pan of known weight and adding weights in the pan till the interconnect broke. It was found that the unreinforced interconnect ( figure 2(d ) ) broke off at a total pulling load of 2.2 kg (21.56 N) while the reinforced interconnect ( figure 3(b) ) held well up to a pulling load of 4.12 kg (40.376 N). At that load the teflon tubing itself started elongating and thinning and finally broke off, but the interconnect was still operable. Thus the pull-out test confirms that the reinforced interconnect is significantly stronger than the unreinforced version. The value of maximum pulling strength is superior to that reported in the literature for other types of microfluidic interconnects [9, 10] .
Pressure/leak testing
The setup used for carrying out pressure and leak testing of the interconnects is shown in figure 6 . It consisted of a Gastight R syringe connected to a T connector providing a parallel connection to the interconnect on the inlet side of the microfluidic device and a pressure transducer. The microfluidic device was immersed in a beaker filled with water to monitor any leakage at the interconnect which would lead to the formation of air bubbles at the interconnection point. The capillary connected to the outlet of the microchannel was capped (plugged) so that no gas could escape from the outlet side. Thus any compression of the syringe would lead to an increase in pressure inside the microfluidic device and would show up as increasing pressure reading on the indication meter. A syringe pump (KDS220, KD Scientific Inc.) was used in the setup to move the syringe plunger at a constant controlled rate and generate the high pressures at which the testing was to be carried out.
A number of interconnects were fabricated and tested for leakage at high pressures by pressurizing and maintaining the system at the test pressure for several hours to observe any pressure loss in the system. This step was necessary to ensure that there were no visually unobservable minute air bubbles that were leaking out of the system. Unlike the method based on the verification of the linear relationship of pressure versus inverse volume (ideal gas law) used by Tsai and Lin [9] , this procedure is more accurate for the tested pressures since the ideal gas law is not valid at the high pressures that were applied to the interconnects during this study.
Results from the pressure tests showed that the unreinforced interconnects could operate up to a pressure of at least 315 psi (21.43 atm) without failure over extended periods of time. This is a significant improvement over the experimentally verified values of 190 kPa (1.87 atm) [9] and 30 psi (2.04 atm) [10] reported in the literature. It must be noted that 315 psi was not the pressure at which the interconnects failed. Testing of the interconnects to determine the failure pressure could not be carried out using the existing setup since higher pressures could not be generated due to stalling of the syringe pump and eventual failure (bursting) of the syringe itself.
High-temperature testing
The epoxy used in making the interconnect has a maximum service temperature of 315
• C while the etched PTFE has a maximum recommended operating temperature of 280
• C. The device was heated up to and maintained at a temperature of 275
• C for several hours to study the effect of high temperature on the overall strength of the interconnect. After exposure to this temperature, pressure/leakage and pull-out tests conducted on the interconnect revealed no significant degradation in properties. Thus the high-temperature stability of the interconnect was confirmed.
Interconnect structural analysis
It was experimentally verified in the last section that the fabricated interconnects withstood significantly higher levels of pressure and pull-out forces in comparison with other designs previously reported in the literature. The main difference between the interconnect proposed in this paper and those reported earlier in the literature is that the epoxy is allowed to seep in the gap between the capillary and the pyrex to a small depth less than the actual thickness of the pyrex wafer so that it provides additional bond strength without blocking the capillary as shown in figure 2(d ) . It might be argued that this thin cylindrical film of cured epoxy significantly improves the high-pressure rating and pull-out performance of the interconnect. As illustrated in figure 7 , the concentric epoxy film can be expected to cause a decrease in the stress concentration in the epoxy bulk since the upward force due to shear stress 'τ 1xz ' on the epoxy arising out of high-pressure conditions in the capillary is balanced by the downward force due to shear stress '−τ 2xz ' acting on the cylindrical film of epoxy at the epoxy-pyrex interface in addition to the downward force due to the tensile stress '−σ z ' that acts on the planar epoxy surface. In effect, the presence of the epoxy film leads to a smaller 'bending moment' resulting from deformation forces acting on the epoxy bulk when compared with the case in which there is no epoxy film between the pyrex and the capillary. Also, presence of the epoxy film distributes the shear forces acting on the cylindrical capillaryepoxy interface over a larger contact area leading to a smaller value of effective shear stress 'τ 1xz '.
Structural analysis of the interconnect to study the relation between capillary loading and the stresses generated inside the epoxy bulk was carried out in order to understand the effects discussed above. For a general three-dimensional loading case, the stress tensor σ is used to represent the general state of stress inside a body under deformation forces as per equation (1), where σ i represent the tensile/compressive stresses and τ i represent the shear stresses [12] ,
The static equilibrium conditions are represented by the balance of force equations, which can be formulated in terms of the deformation components u 1 , u 2 and u 3 in the x, y and z directions, resulting in a system of three Navier's equations [13] [14] [15] :
where i and j denote the space coordinate indices, x 1 , x 2 and x 3 denote x, y and z, K i represent the body forces G is shear modulus, E is Young's modulus and ν is Poisson's ratio. Finally, the structural analysis of the interconnect epoxy based on the maximum-distortion-energy theory is carried out by calculating the maximum value of the von Mises stress σ vM [12] for different pull-out loads and iterating to find out the highest value of pull-out load for which the maximum value of σ vM does not exceed the design yield strength σ design ys ,
where σ 1 , σ 2 and σ 3 represent the principal stresses, which are actually the eigenvalues of the stress matrix in equation (1) [12]. According to the theory, a material will fail when the maximum value of the von Mises stress σ vM at any point exceeds the yield stress, σ ys . The epoxy used for making the interconnect had a manufacturer rated σ ys of 2000 psi, based on the curing procedure followed. A design value of 1000 psi (6.895 MPa) was used as the maximum permissible σ design vM for this analysis to study the effects of the presence of the concentric epoxy film. The geometry of the interconnect was modeled in 3-D and the constitutive equations (2) were solved using FEMLAB [13] , a generic three-dimensional geometry modeling, finite element meshing and coupled partial differential equation based analysis software. The boundary conditions used were the appropriate shear stress τ 1xz based on the pull-out force distributed evenly on the capillary-epoxy interface (see figure 7 ) and zero displacement in the z direction of the entire epoxy-pyrex interface.
Details regarding the numerical integration of the constitutive equations are available elsewhere [13] .
The three-dimensional geometry model used in the finite element based analysis is shown in figure 8 . Dimensions of the interconnect (the size of the inlet/outlet hole drilled in pyrex (1.75 mm) and internal and outer diameters of the teflon capillary (1.07 mm and 1.68 mm)) are the same as those of the experimentally fabricated interconnect discussed earlier. The cured epoxy blob extends 4 mm around the outside of the teflon capillary and is 2 mm high above the pyrex surface. The depth of the cylindrical epoxy film seeping into the gap between the Since exact values of the parameters E, ν and density (ρ) of the epoxy used in the fabrication were not available to us, representative values for similar two-component-based epoxies as outlined in table 1 were used in the analysis to study the general stressing characteristics of the interconnect.
Results from modeling the stresses in the epoxy bulk are given in figures 9 and 10 and summarized in table 2. The figures show variation in the von Mises stress across the epoxy cross section and also the positions of the maximum and minimum values.
As shown in table 2, the maximum permissible pull-out force based on a design yield strength σ design ys of 1000 psi (6.895 MPa) without the epoxy film present between the capillary and the pyrex hole is 1.917 kg, and the presence of the epoxy film improves this value to 3.0975 kg. The second entry in table 2 shows the intermediate case in which the load of 1.917 kg is applied to the capillary with the epoxy film present. The presence of the film significantly lowers the maximum value of σ vM from 6.895 MPa to 4.267 MPa. This improvement in interconnect strength is in accordance with the arguments presented at the beginning of this section. Since the pull-out force can be said to be resulting from high-pressure conditions in the capillary, increase in the pull-out strength of the interconnect would translate into an increase in the maximum pressure rating. The above simulations thus serve as a tool for rigorous analysis of the features which impart desirable characteristics to the interconnect design. A similar approach can be used to model improved designs without actual fabrication, thus considerably speeding up the design process for further improvement of the interconnect.
Conclusions
A novel procedure for creating integrated microfluidic connections for high-temperature and pressure applications has been developed. The ease of fabrication of the interconnect without the need for any special micromachining equipment renders it amenable to integration with any microfluidic device production process.
Rigorous testing of the interconnect at different operating temperature and pressure conditions shows that it operates reliably at pressures of up to 315 psi (21.43 atm) and temperatures of up to 275
• C. The interconnect itself is highly chemically inert since the only wetted surfaces in the design are teflon, pyrex and silicon. Structural analysis of the interconnect illustrates the effect of the interconnect geometry on its strength and forms a general framework for further improvement of the design.
The developed interconnect opens up the path for research in high-temperature and pressure microfluidic systems and also for microfluidic systems involving the handling of highly reactive/corrosive chemicals.
